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Abstract

DNA replication is the most vulnerable process of DNA metabolism in proliferating
cells and therefore it is tightly controlled and coordinated with processes that maintain genomic
stability. Human RecQ helicases are among the most important factors involved in the
maintenance of replication fork integrity, especially under conditions of replication stress.
Collisions between replication and transcription machineries represent a significant source of
genomic instability. RECQ5 DNA helicase binds to RNA-polymerase (RNAP) Il during
transcription elongation and suppresses transcription-associated genomic instability. Here we
show that RECQ5 also associates with RNAPI and enforces the stability of ribosomal DNA
arrays in cells exposed to replication stress. We demonstrate that RECQ5 associates with
transcription complexes in DNA replication foci and counteracts replication fork stalling in
RNAPI- and RNAPII-transcribed genes, suggesting that RECQ5 exerts its genome stabilizing
effect by acting at sites of replication-transcription. Moreover, RECQ5-deficient cells
accumulate RADS51 foci that are formed in a BRCAL1-dependent manner at sites of interference
between replication and transcription and likely represent unresolved replication intermediates.
Importantly, BRCA1-dependent formation of RAD51 foci at these sites requires active
transcription. Further, we provide evidence that RECQ5 promotes RAD18-dependent PCNA
ubiquitination at sites of replication-transcription interference by its interaction with PCNA.
This is also manifested by the accumulation of RAD18 foci in the absence of RECQ5 or the
presence of a RECQ5 mutant defective in PCNA binding. The helicase activity of RECQ5
promotes unloading of ubiquitinated PCNA from chromatin and counteracts the accumulation
of RAD51 foci in S-phase cells. These findings suggest that RECQ5 promotes PCNA
remodeling at replication forks stalled due to the collision with transcription complex and in
coordination with BRCA1-mediated replication fork stabilization promotes the resolution of

replication-transcription collisions.
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1. Introduction

Faithful replication of the genome is essential for cell survival. The fidelity of DNA
replication is ensured by the high accuracy of replicative DNA polymerases and by a number
of associated factors involved in checkpoint signaling pathways, DNA repair, chromatin
remodeling, sister chromatid cohesion and cell cycle control. Defects in any of these activities
can cause replication fork slowing or stalling, a condition referred to as replication stress, which
leads to genomic instability manifested by birth defects, developmental abnormalities,
neurodegeneration, premature aging and cancer predisposition (Boyer et al., 2016; Losada,
2014; Macheret and Halazonetis, 2015; Zeman and Cimprich, 2014; Zhang et al., 2016). DNA
replication is the most vulnerable process of DNA metabolism in proliferating cells and
therefore it is tightly controlled and coordinated with processes that maintain genomic stability.
RecQ helicases promote recovery of replication forks being stalled due to different replication
roadblocks of either exogenous or endogenous source. They prevent generation of aberrant
replication fork structures and replication fork collapse, and are involved in proper checkpoint
signaling. The essential role of human RecQ helicases in the genome maintenance during DNA

replication is underlined by association of defects in their function with cancer predisposition.

1.1. Replication-transcription collisions

Studies in bacterial, yeast and mammalian cells have shown that replication-transcription
encounters are unavoidable and represent one of the major sources of replication stress.
Replication-transcription encounters cause spontaneous DNA breakage and chromosomal
rearrangements, particularly if cells are subjected to other source of replication stress (Helmrich
et al., 2013). Replication fork encounters the transcription machinery head-on on the lagging
strand template and co-directionally on the leading strand. Although both types of collisions
are associated with replication fork stalling in vivo, several lines of evidence indicate that the
head-on clashes between replication and transcription mainly affect genome stability
(Azvolinsky et al., 2009; Brambati et al., 2015; Merrikh et al., 2011). In bacteria, head-on
encounters are clearly more severe since insertion of an inducible ColE1 replication origin
upstream or downstream of a ribosomal RNA operon in E. coli demonstrated that head-on
transcription significantly impairs replication progression (French, 1992). The organization of
bacterial genomes probably reflects the unfavourable effects of head-on collisions between
replication and transcription. All sequenced bacterial genomes are biased for the majority of
genes to be encoded on the leading strand. In B. subtilis, ~95% of essential genes and 75% of

the other genes are on the leading strand independently of the level of expression (Rocha, 2008).



In yeast, highly expressed chromosomal regions are potential hot spots for replication-
transcription conflicts irrespective of the orientation of collisions (Azvolinsky et al., 2009). By
genome-wide mapping of replicative DNA polymerase binding to yeast chromatin, it has been
demonstrated that highly transcribed RNA polymerase (RNAP) Il genes are sites of replication
fork pausing (Azvolinsky et al., 2009). In yeast, specific reporter assays have shown that
RNAPII transcription concomitant to head-on oncoming, but not co-directional, replication
causes a replication fork pause that is linked to a significant increase in DNA recombination
(Prado and Aguilera, 2005). However, it remains unclear why head-on collisions are more
challenging to preserve genomic stability. DNA instability can arise from tethering of highly
transcribed genes to the nuclear envelope, which may lead to generation of topological tension
as replication fork approaches (Bermejo et al., 2011). Phosphorylation of nucleoporins by S-
phase checkpoint kinases detach transcribed genes from nuclear pores to prevent DNA breakage
(Bermejo et al., 2011). Importantly, transcription machinery itself has a direct role in defects of
replication fork progression. Yeast cells harbouring mutation of RNAPII (rpb1-1, rpb1-S751F
and rpb94) that display transcription elongation defects are sensitive to hydroxyurea (HU)
treatment and accumulate replication-born DNA breaks. Moreover, replication defect observed
in rpb1-1 leads to the accumulation of Rad51-dependent Holliday junction-intermediates and
activation of dormant origins. rpb1-1 mutant showed an increased retention of RNAPII on
genes, suggesting that active transcription suppresses replication fork slowing (Felipe-Abrio et
al., 2015).

In human cells, replication fork slowing is caused by perturbed transcription due to the
lack or camptothecin (CPT)-induced inhibition of DNA topoisomerase | (Ribeyre et al., 2016;
Tuduri et al., 2009). Cells treated with CPT also display increased level of CHK1
phosphorylation at Ser345 and accumulate reversed forks (DNA structure also referred to as
chicken foot). All the above mentioned phenotypes are rescued by premature termination of
transcription using cordycepin, suggesting that transcription is the major determinant of
replication hindrance by CPT or topoisomerase | deficiency (Ribeyre et al., 2016; Tuduri et al.,
2009). Interference between replication and transcription also underlies replication fork slowing
and DNA breakage in cells with an oncogene-induced hyperactivation of replication origins
(Jones et al., 2013). Cyclin E over-expression significantly increases the number of early S-
phase replication foci, which can escalate the number of replication-transcription encounters
leading to multiple replication fork stalling. As a result of that, cells accumulate RAD51 foci.
However, the inhibition of transcription rescues the rate of replication fork progression and

decreases DNA breakage without affecting the replication fork itself (Jones et al., 2013).



A correlation between replication stress—provoked genomic instability and active
transcription is particularly apparent in case of common fragile sites (CFSs) and recently
identified early replicating fragile sites (ERFSs) (Barlow et al., 2013; Helmrich et al., 2011).
CFSs are specific genomic regions that exhibit increased frequency of gaps or breaks on
metaphase chromosomes if DNA replication is partially inhibited (Durkin and Glover, 2007).
Interestingly, CFSs are frequently located within the coding regions of very long genes (>650
kb), whose transcription is completed even within more than one complete cell cycle that is a
prerequisite for inevitable replication-transcription collisions (Helmrich et al., 2011; Helmrich
et al., 2006). Further, collisions between replication and transcription complexes at CFSs are
accompanied by the formation of RNA:DNA hybrids, structures referred to as R-loops, which
can cause chromosomal breakage. There is also evidence that the chromosomal breakage at
CFSs is an outcome of replication paucity and subsequent incompletion due to a low density of
replication origins within these loci (Debatisse et al., 2012). In contrast to late replicating CFSs,
ERFSs are located within early replicating regions that contain clusters of highly transcribed
genes (Barlow et al., 2013). ERFSs break spontaneously during replication, but their fragility
is significantly increased by early S-phase replication stress induced by HU, oncogene
activation or ATR (ataxia telangiectasia and Rad3 related) inhibition. ERFSs are characterized
by the instability of early replication forks whose stalling occurs at intragenic sequences and
promoters of highly transcribed genes (Barlow et al., 2013). Importantly, the chromosomal
breakage at selected ERFS near SWAP70 gene is greatly dependent on the level of transcription,
suggesting that it is driven by replication-transcription encounters (Barlow et al., 2013). An
accumulation of BRCAL accompanied the replication fork stalling at these sites, indicating
involvement of homologous recombination process in replication fork protection and restart
(Barlow et al., 2013; Schlacher et al., 2012).

Despite accumulating evidence that conflicts between replication and transcription are
frequent events in proliferating cells and have detrimental effects on genome integrity, little is

known about the molecular mechanisms underlying their resolution.

1.2. RECQS5 suppresses transcription associated DNA breakage during replication
Subunits of RNAPII are the most prominent proteins that co-immunoprecipitate with
RECQ5 from human cell extracts (Aygun et al., 2008; Izumikawa et al., 2008). RECQ5 was
shown to interact with the largest catalytic subunit of RNAPII, termed RPB1 (Aygun et al.,
2008), and this interaction is enhanced during S-phase (Li et al., 2011). Two regions of RECQ5
polypeptide were identified to mediate the interaction with RPB1: (i) the internal RNAPII-
interacting (IR1) domain including KIX motif, which binds to RPB1 jaw domain; and (ii) the
Set2-Rpb1l-interacting (SRI) domain, which binds to the hyperphosphorylated C-terminal



repeat domain (CTD) of RPB1 (Islam et al., 2010; Kanagaraj et al., 2010; Kassube et al., 2013).
Intriguingly, the tertiary structure of the KIX domain resembles the domain 11 of TFIIS that
resolves the paused state of backtracked RNAPII (Kassube et al., 2013; Wind and Reines,
2000). RECQS5 associates with chromatin particularly at RNAPII-transcribed regions
(lzumikawa et al., 2008; Kanagaraj et al., 2010; Saponaro et al., 2014). Moreover, RECQ5
controls the movement of RNAPII across genes to prevent it from pausing or arrest, a condition
referred to as transcription stress (Saponaro et al., 2014). Importantly, RECQ5 also localizes to
DNA replication foci throughout S phase and interacts physically with the proliferating cell
nuclear antigen (PCNA), a key component of the replisome (Kanagaraj et al., 2006). A slight
increase in the nuclear level of RECQ5 helps to deal with thymidine-induced replication stress
(Blundred et al., 2010). It has been shown that replication stress results in the accumulation of
RPA at stalled forks, which can lead to RPA exhaustion and subsequent fork collapse (Toledo
et al., 2013). Consistently, the slight increase of RECQ5 cellular concentration suppresses the
increased level of RPA foci observed under conditions of replication stress (Blundred et al.,
2010). RECQ5-deficient cells display an increased level of RAD51 foci and elevated SCEs (Hu
et al., 2007). Depletion of RECQ5 results in transcription-dependent chromosome
fragmentation during S phase and accumulation of chromosomal rearrangements with the
breakpoints located in the genes and common fragile sites (CFSs) (Li et al., 2011; Saponaro et
al., 2014). Interestingly, the incidents of genome instability in RECQ5-depleted cells colocalize
with the areas of elevated transcription stress (Saponaro et al., 2014). Finally, inactivation of
the Recql5 gene in mice results in cancer susceptibility which supports the role of RECQ5 as a
tumor suppressor (Hu et al., 2007). Together, these finding suggest that RECQ5 prevents
genomic instability at sites of concomitant replication and transcription. However, it is unclear

whether RECQS5 operates directly at sites of replication-transcription interference.



2. Aims of the study

The main aim of the study was to elucidate the role of RECQ5 helicase in the maintenance

of genomic stability.
The specific aims of this study were:

- To characterize the association of RECQ5 with RNA polymerase | and 11
- To explore the role of RECQ5 at the interface of replication and transcription
- To study the molecular mechanism underlying the resolution of replication-

transcription encounters

3. Material and methods

Standard molecular biology techniques (nucleic acid isolation, DNA cloning, reverse
transcription, PCR, SDS-PAGE, immunoblotting, immunoprecipitation, immunofluorescence)

Cell culture, RNA interference, DNA transfection
Flow cytometry

Cell fractionation

Chromatin Immunoprecipitation (ChlP)
Quantitative real-time PCR (qPCR)

Comet assay

Protein purification, antibody production

Fluorescence recovery after photobleaching (FRAP)



4. Results and discussion

RECQ5 DNA helicase is essential for maintenance of genomic stability, but its exact
molecular functions remain unclear. Recent studies have shown that human RECQ5 binds to
RNAPII during transcription elongation and maintains genomic stability at RNAPII-transcribed
genes by acting as a factor that prevents transcription pausing or arrest, a condition termed
transcription stress (Kanagaraj et al., 2010; Li et al., 2011; Saponaro et al., 2014). In our study,
we show that RECQ5 also forms a complex with RNAPI, namely with the largest catalytic
subunit, RPA194. RECQS5 was significantly enriched on the pre-ribosomal RNA (pre-rRNA)
coding region, showing a distribution pattern similar to that of RPA194. Interestingly, we
observed a significant enrichment of RNAPI in the pre-rRNA coding region, but not on the
promoter, in cells lacking RECQ5. These data suggest that RECQ5 associates with RNAPI and
might counteract RNAPI transcription stalling. Our data describing association between RNAPI
and RECQ5 are consistent with the proposal that RECQ5 acts as a general transcription
elongation factor that is important for preserving genome stability during transcription
(Kanagaraj et al., 2010; Li et al., 2011; Saponaro et al., 2014).

However, we also demonstrate that RECQS5 depletion caused DNA copy number variations,
particularly within the pre-rRNA coding region of the rDNA repeat unit. Importantly, upon
replication stress induced by HU treatment, RECQ5 depletion caused a significant
amplification of DNA sequences only within the transcribed part of rDNA. Further, we also
demonstrate that RECQ5 depletion causes the persistence of unresolved replication
intermediates with replisomes stalled in both RNAPI- and RNAPII-transcribed genes. These
findings suggest that the genome stabilization effect of RECQ5 at sites of transcription might
reflect a role for RECQ5 in resolving collisions between the replication and transcription
machineries. In support of this hypothesis, we have found that inhibition of transcription by
actinomycin D (ActD) dramatically impaired the mobility of GFP-RECQ5 in replication foci,
whereas no change in the mobility of GFP-RECQ5 outside the replication foci was observed.
Thus, RECQ5 associates with active transcription complexes in DNA replication foci,
suggesting that it acts at sites of concomitant transcription and replication.

Mechanisms that cells evolved to resolve conflicts between replication and transcription
remain elusive. Studies in bacteria and yeast have shown that specific helicases act in
conjunction with the replisome to remove transcription complexes and other obstacles that
impair replication fork progression (Azvolinsky et al., 2009; Boubakri et al., 2010; Sabouri et
al., 2012). However, on very long genes in mammalian cells, collisions between transcription
and replication complexes occur within each round of transcription, because the synthesis of

the full-length transcript of these genes takes more than one cell cycle (Helmrich et al., 2013).



Therefore, to ensure proper gene expression, cells must have mechanisms that permit RNA
chain elongation after the collision with replication fork. In our study, we provide evidence that
RECQ5, BRCA1, and RAD18 are recruited independently of each other to sites of replication-
transcription collisions. Based on the counts of BRCAL and RAD18 foci detected in S-phase
nuclei, we can speculate that collision between replication and transcription is a quite frequent
event in dividing cells. We have concluded that coordinated action of RECQ5 and BRCAL at
sites of replication-transcription interference promotes resolution of the conflict. BRCA1-
dependent loading of RADS51 on stalled replication forks, which depends on active
transcription, leads to fork stabilization. RECQ5 promotes RAD18-dependent PCNA
ubiquitination and unloading at sites of replication-transcription interference that might allow
the passage of oncoming transcription complexes across the fork to complete RNA synthesis
(Figure 1A). Failure of either of these activities would lead to persistence of stalled replication
forks, resulting in genomic instability. In the absence of BRCA1, RECQ5 can mediate PCNA
ubiquitination and unloading, but the replication fork fails to restart because of the impaired
RADS51 loading. In the absence of RECQ5 or RAD18, BRCAL can promote assembly of
RADS51 filaments to protect stalled replication forks, but RNA polymerase cannot translocate
across the replication fork, and hence replication restart is prevented (Figure 1B).

RECQ5 deficiency leads to accumulation of RAD18 and RADS51 foci in S-phase cells.
Recently, RAD51 has been shown to form and/or stabilize the regressed arm of replication fork
converted to HJ-structure in response to replication fork stalling (Zellweger et al., 2015). Thus,
RADS51 foci in RECQ5-deficient cells likely represent unresolved replication intermediates.
Consistently, they display a long-term stability in the presence of RAD51 inhibitor B02, which
prevents the formation of RAD51 foci in normal cells. We have shown that the helicase activity
of RECQS5 is crucial to resolve these replication intermediates. RECQ5 also promotes RAD18-
dependent ubiquitination of PCNA at sites of replication-transcription interference by directly
interacting with PCNA via its PIP motif. The absence of RECQ5 or inactivation of its PIP motif
increased both chromatin binding of RAD18 and frequency of RAD18 foci in S-phase nuclei,
suggesting that it is a consequence of a defect in PCNA ubiquitination. Moreover, the helicase
activity of RECQS5 is required for PCNA unloading from chromatin. Both activities,
ubiquitination and unloading of PCNA, are intensified under brute overexpression of RECQ5
in cells, which results in the inhibition of replication and arrest of cells at G1/S boundary of the
cell cycle. In contrast to the finding that RECQ5 inhibits RNAPII-transcription in vitro in a
manner dependent on the IRI domain (Aygun et al., 2009), we have not observed any negative
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Figure 1. Model for resolution of conflicts between replication and transcription. (A) Scheme of the
model. (B) Consequences of BRCAL1 and RECQ5/RAD18 deficiencies on the resolution of
replication-transcription conflicts. See the text for details (Urban et al., 2016).

effect of RECQ5 overexpression on the rate of transcription in vivo, suggesting that RECQ5
influences the replisome to favour transcription. Studies in budding yeast have shown that
strains defective in PCNA unloading (e.g., Aelgl or PCNA-K164R mutants) exhibit
uncontrolled DNA replication and accumulate Rad52 foci, an indication of genomic instability
(Yu et al., 2014). Interestingly, these studies have revealed that PCNA is unloaded only from
the lagging strand arm of forks stalled by HU treatment (Yu et al., 2014). Thus, one can
speculate that RECQ5-driven PCNA unloading and ubiquitination might allow the passage of
oncoming transcription complexes across the fork to complete RNA synthesis.

BRCAI1 acts to form RAD51 filaments at arrested replication forks to protect them from
nucleolytic degradation (Schlacher et al., 2012). Similarly to RECQ5, BRCA1 mobility in S-
phase foci was dramatically reduced in cells treated with ActD to arrest transcription. In
agreement with the immobilization of BRCAL upon ActD treatment, the formation of RAD51
foci in S-phase cells was strongly attenuated by ActD, which further confirmed that BRCAL
activity is dependent on active transcription. In support of this notion, previous studies have
shown that BRCA1 binds to hyperphosphorylated RNAPII that is present in the transcription
elongation complex (Krum et al., 2003). Thus, it is possible that, in the process of resolution of
replication-transcription collisions, BRCA1 acts in association with the transcription

machinery.
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There is accumulating evidence suggesting a role for active transcription in the resolution
of replication-transcription collisions. It was shown that RNA polymerase translocation is
required for the resolution of head-on collisions between the transcription machinery and
bacteriophage ®29 DNA polymerase in Bacillus subtilis (Elias-Arnanz and Salas, 1999).
Similarly, studies in budding yeast have shown that RNAPII mutants with a defect in
transcription elongation impair replication fork progression and cause genomic instability
(Felipe-Abrio et al., 2015). In our study, we have shown that halted RNAPI transcription
complexes prevented the movement of the replisome through rDNA in human cells.
Interestingly, the data from our ChIP experiments showed that ActD-induced arrest of
transcription complex at transcription start site of rDNA results in the increased binding of
DNA polymerase ¢ within the transcription unit peaking at the site located approximately 8 kb
from the transcription start site. This suggests the presence of a topological barrier between
colliding transcription and replication complexes, which was recently linked with genomic
instability of highly transcribed genes in yeast (Bermejo et al., 2011). Moreover, we provide
evidence that replication forks stalled by halted transcription complexes could be elongated
once the RNA polymerase is allowed to resume transcription. Thus, RNA polymerase might
actively participate in the resolution of replication-transcription encounters.

In conclusion, the process of replication fork stalling and recovery may be a very tangled
mechanism that includes complex remodeling of both DNA and protein moieties of replication
fork. The study of RecQ helicases can uncover individual steps of this process that prevents
genomic instability. In our study, we provide evidence that RECQ5 exerts its genome
maintenance function through its involvement in the resolution of collisions between replication
and transcription complexes. Interference between replication and transcription represents a
significant source of genome instability and contributes to oncogene-induced tumorigenesis
(Poveda et al., 2010). Because RECQ5 deficiency is associated with cancer susceptibility in
mice (Hu et al., 2007), our study provides further evidence for the role of replication-
transcription interference in cancer development. Understanding the mechanisms that maintain
replication fork stability may be crucial for diagnosis and therapy of human diseases caused by
defects in response to replication stress.
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5. Conclusions

In this work, we have provided evidence that RECQ5 prevents genomic instability resulting

from replication-transcription collisions. We have proposed a mechanism for the resolution of

replication-transcription encounters, which involves the coordinated action of RECQS5,
BRCA1/RAD51 and RAD18. The major outcomes of this study can be summarized as follows:

RECQS5 interacts with both RNAPI and I1.

RECQS5 is enriched at the coding regions of RNAPI- and Il-transcribed genes.
RECQ5 prevents RNAPI-transcription stress, and enforces the stability of the pre-
rRNA coding regions of rDNA arrays.

Depletion of RECQ5 leads to accumulation of unresolved replication intermediates
with replisomes stalled in both RNAPI- and RNAPII-transcribed genes.

RECQ5 associates with transcription complexes in replication foci.

BRCA1, RAD18, RADS51 are recruited to sites of replication-transcription
collisions.

BRCA1 promotes transcription-dependent formation of RADS51 filaments in
unperturbed cells.

RECQ5 promotes RAD18-dependent ubiquitination of PCNA at sites of replication-
transcription interference by directly interacting with PCNA.

The helicase activity of RECQ5 is required for the resolution of replication
intermediates stabilized by RADS51 filaments upon replication-transcription
encounters.

Transcription forms a barrier for replication fork progression and active

transcription promotes resolution of replication-transcription collisions.
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Abstrakt

V pribéhu replikace casto dochazi k zastaveni postupu replikacnich vidlic v dasledku
poskozeni DNA templatu, pfitomnosti transkripnich komplexti nebo tvorby sekundarnich
stabilitu genomu za podminek replika¢niho stresu. Pfestoze jsou transkripce i replikace
esencialnimi bunéénymi mechanismy, jejich vzajemnd interference muize vést k poskozeni
DNA a nasledné genomové nestabilité. RECQ5 helikaza interaguje s RNA polymerazou Il
béhem elongaéni faze transkripce a zabranuje vzniku transkripci indukovaného poskozeni
DNA. V této studii ukazujeme, ze RECQS5 interaguje také s RNA polymerdzou I a zabranuje
ztraté €1 znasobeni usekd ribozomélni DNA, na kterych dochazi k ptepisu ribozomalni RNA.
Prokazali jsme, ze béhem S-faze bunécného cyklu RECQS asociuje s transkripci v mistech
pravé probihajici replikace. Odstranéni RECQ5 pomoci RNA interference vede k zastaveni
replika¢nich vidlic v oblastech transkribovanych RNA polymerazou I nebo II, coz naznacuje,
ze RECQS5 udrzuje stabilitu genomu v mistech kolize mezi replikaci a transkripci. Snizenim
exprese RECQ5 pomoci RNA interference dochazi v jadrech replikujicich bunék k akumulaci
RADS51 a RADI8 fokust, které pravdépodobné piedstavuji neroziesené replikacni
intermediaty, které jsme v buiikdch po odstranéni RECQS5 také detekovali. Vznik RADS51
fokusti v mistech kolize mezi replikaci a transkripci je zavisly na pfitomnosti BRCAL a
aktivni transkripci. Také jsme prokézali, Ze aktivni transkripce zabratiuje kolapsu replikacnich
vidlic a je potfeba pro jejich restart. V mistech kolize mezi replikaci a transkripci indukuje
helikdzova aktivita RECQS5 caste€né odstranéni PCNA z replikacni vidlice, pficemz zbylé
PCNA je diky interakci s RECQS5 posttranslaéné modifikovano ubikvitinaci. RECQS5 pomoci
své helikazové aktivity umoziuje také rozieSeni replikacnich intermediath stabilizovanych
pomoci RADS51. Ptitomnost RECQS5 v mistech kolize mezi replikaci a transkripci tedy
indukuje zmény na zastavené replikacni vidlici, kterd je soucasné chranéna pomoci BRCAI
pied kolapsem. Oba tyto procesy vedou k rozieSeni kolize a restartu replikace. Tato prace
identifikuje RECQS5 jako jeden z klicovych faktord pii feSeni kolize mezi replikaci a

transkripci.
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1. Uvod

Piesna duplikace genomu je nezbytna pro pieziti bun€k. Bezchybnost replikace DNA
zajistuji vysoce piesné DNA polymerazy a tada souvisejicich faktort, které se ucastni
v signdlnich drahach bunééné odpovédi na poskozeni DNA, opravy DNA, piestavbe
chromatinu, udrzovani soudrznosti sesterskych chromatid a fizeni bunécného cyklu. Vady
v n¢které z téchto aktivit mohou zptsobit zpomaleni nebo zastaveni replika¢ni vidlice, coz je
stav oznacCovany jako replikacni stres, ktery je povazovan za hlavni ptedpoklad ke vzniku
genomové nestability projevujici se vrozenymi vadami, vyvojovymi abnormalitami,
neurodegeneraci, pied¢asnym starnuti a predispozici k rakoviné (Boyer et al., 2016; Losada,
2014; Macheret and Halazonetis, 2015; Zeman and Cimprich, 2014; Zhang et al., 2016).
Proces replikace DNA je jeden z nejzranitelnéjSich procesti v metabolismu DNA délicich se
bunék, a proto je ptisn¢ kontrolovan a koordinovan s procesy, které udrzuji stabilitu genomu.
RecQ helikdzy se pfimo ucastni obnoveni a restartu replika¢nich vidlic zastavenych kvili
prekazkam pochazejicich jak zendogenniho tak exogenniho prostiedi. RecQ helikazy
zabranuji vzniku aberantnich struktur a kolapsu replika¢nich vidlic, a jsou zapojeny do
signalnich drah bunétné odpovédi na poSkozeni DNA. Lidské RecQ helikdzy maji
v zachovani stability genomu b&hem replikace DNA nepostradatelnou ulohu, jelikoz defekty

v jejich funkci jsou spojovany s rozvojem rakoviny.

1.1. Kolize mezi replikaci a transkripci

Studie v bakteriich, kvasinkach a savéich bunkach prokazaly, ze kolize mezi replikaci a
transkripci jsou nevyhnutelné a jsou jednim z hlavnich zdroji replikacniho stresu. Kolize
mezi replikaci a transkripci zpusobuji dvouvldknové zlomy DNA a chromozomalni aberace, a
to zejména v piipadé, kdy jsou bunky vystaveny dal§imu zdroji replika¢niho stresu (Helmrich
et al., 2013). Ke kolizi mezi replikaci a transkripci mize dojit ¢elné na opozd’ujicim se vlakné
replika¢ni vidlice nebo po sméru na vedoucim vlakné replikacni vidlice. Ackoliv jsou oba
typy kolizi spojeny se zastavenim replika¢nich vidlic v délicich se bunkach, nékteré vysledky
naznaCuji, ze hlavné cCelni stfety mezi replikaci a transkripci ovliviuji stabilitu genomu
(Azvolinsky et al., 2009; Brambati et al., 2015; Merrikh et al., 2011). V bakteriich bylo
ukézano, ze pravé celni kolize jsou jednoznatné mnohem zavazné&j$i, nebot’ vloZeni
indukovatelného pocatku replikace CoIE1 proti nebo po sméru transkripce ribozomalnich
RNA v E. coli m¢lo za nasledek zpomaleni replikace jen v ptipadé, kdy mohlo dojit k ¢elni
kolizi (French, 1992). Organizace bakterialnich genomt pravdépodobné odrazi nepiiznivy
efekt ¢elnich kolizi mezi replikaci a transkripci. VSechny sekvenované bakterialni genomy se
vyznacuji umisténim kodujici sekvence vétSiny geni na vlakné DNA, které je béhem

replikace vedoucim. V B. subtilis je ptiblizn¢ 95% esencialnich genli a 75% ostatnich genti
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kodovano vlaknem DNA, které je béhem replikace vedoucim, bez vztahu k mife exprese genu
(Rocha, 2008).

V kvasinkach jsou potencialnimi misty kolizi mezi replikaci a transkripci, bez ohledu na
jejich orientaci, pfedevS§im chromozomalni oblasti S vysokou mirou transkripce (Azvolinsky
et al., 2009). Mapovani vazby DNA polymerazy na chromatin ukazalo, ze geny vyznacujici se
vysokou mirou piepisu pomoci RNA polymerazy (RNAP) Il jsou mista, kde dochazi
k zastaveni replikac¢nich vidlic (Azvolinsky et al., 2009). Specifické reportérové systémy v
kvasinkach ukazaly, ze transkripce RNAPII vedouci k ¢elnim srazkam s replikaci zptisobuje
zastaveni replika¢ni vidlice, coz je oproti srazkam se stejnosmérnou orientaci spojené
s vyraznym nartstem v rekombinaci DNA (Prado and Aguilera, 2005). Dtivod, pro¢ jsou ¢elni
kolize mezi replikaci a transkripci zavaznéjsim problémem pro zachovani stability genomu,
zastdva nejasny. PoSkozeni DNA muze vzniknout napiiklad kvuli spojeni vysoce
transkribovanych genu s jadernymi pory (tvofenych nukleoporiny) v jaderné membrané. Toto
spojeni muze pohybem replika¢niho a transkripéniho komplexu proti sobé vést ke vzniku
nadsroubovicovitého vinuti v DNA a tudiz ke vzniku topologické bariery (Bermejo et al.,
2011). Fosforylaci nukloeporint kindzami ze signalni drdhy bunééné odpovédi na poskozeni
DNA dojde k odpojeni ptepisovanych genid od jadernych port, ¢imz se zabrani vzniku
poskozeni DNA (Bermejo et al., 2011). Samotny transkripéni komplex mize také piimo
zabranovat zastaveni replikacni vidlice. Kvasinkové buriky nesouci mutaci v RNAPII (rpbl-1,
rpbl-S751F a rpb94), kterd zpisobuje defekt v transkripci, jsou citlivé na ptitomnost
hydroxyurey (HU) a akumuluji replikaci indukované zlomy v DNA. Kromé toho, replika¢ni
defekt pozorovany v rpbl-1 bunkach vede k aktivaci dormantnich pocatkli replikace a
akumulaci tzv. ,,Holliday junction* struktur DNA, jejichz vznik zavisi na Rad51. Dusledkem
mutace RNAPII v rpbl-1 buiikich dochdzi také k zastaveni RNAPII na genech, coz
naznacuje, ze aktivni transkripce potladuje zastaveni replikacni vidlice (Felipe-Abrio et al.,
2015).

NarusSeni transkripce zplsobené sniZzenim exprese topoisomerdzy | nebo pomoci
camptothecinem (CPT) indukované inhibice tohoto enzymu vede ke zpomaleni replika¢nich
vidlic v lidskych bunkach (Ribeyre et al., 2016; Tuduri et al., 2009). Bunky vystavené
pusobeni CPT maji téz zvySenou hladinu fosforylace CHK1 na Ser345 a akumuluji aberantni
strukturu replikacnich vidlic, tzv. ,,chicken foot*“. VSechny vySe uvedené fenotypy jsou
potlaceny inhibici transkripce pomoci cordycepinu, ktery pted¢asné terminuje transkripci, coz
naznacuje, ze transkripce je rozhodujicim cinitelem pro zastaveni replikacnich vidlic v
ptitomnosti CPT nebo pii nedostatku topoisomerazy | (Ribeyre et al., 2016; Tuduri et al.,
2009). Interference mezi replikaci a transkripci je rovnéz diivodem zastaveni replika¢nich

vidlic a poskozeni DNA v burikach s aktivovanym onkogenem, ktery zpiisobuje nepiiméienou
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aktivaci pocatkt replikace (Jones et al., 2013). Nadmérna exprese cyklinu E vyrazné zvysuje
pocet replika¢nich ohnisek béhem pocatku S-faze, coz muze stupnovat pocet replika¢nich
vidlic zastavenych transkripénim komplexem. V dasledku zvyseného poctu kolizi se v jadre
bunky akumuluji RAD51 fokusy. Inhibice transkripce v bunikach s aktivovanym onkogenem
zabrani zastaveni replikace a vzniku poskozeni DNA vedouci ke genomové nestabilité, aniz
by pfimo ovlivnila replikaci (Jones et al., 2013).

Korelace mezi genomovou nestabilitou vyvolanou replikaénim stresem a aktivni
transkripci je patrnd zejména v piipad¢ fragility tzv. ,,common fragile sites (CFSs) a nové
identifikovanych ,.early replicating fragile sites” (ERFSs) (Barlow et al., 2013; Helmrich et
al., 2011). CFSs jsou specifickd mista v genomu, kterd vykazuji zvySenou frekvenci ptreruSeni
nebo zlomt chromozomt pozorovatelnych béhem metafdze v bunikach s ¢astené
inhibovanou replikaci (Durkin and Glover, 2007). CFSs jsou ¢asto detekovany v oblastech
genomu, které koduji velmi dlouhé geny (> 650 kb), jejichz transkripce trva i déle neZ jeden
bunéény cyklus, coz je predpokladem pro nevyhnutelnost kolize mezi replikaci a transkripci
(Helmrich et al., 2011; Helmrich et al., 2006). Bylo ukazano, ze kolize mezi replikaci a
transkripci je na CFSs doprovazena tvorbou RNA:DNA hybridu (struktur oznacovanych také
jako R-smycky), které mohou zpusobit poskozeni chromozomi. Existuji také dikazy, ze
chromozomalni poskozeni v CFSs je vysledkem zpomalené replikace a jejiho nésledného
nedokonceni kvili nizké hustoté replikacnich pocatkt v téchto oblastech (Debatisse et al.,
2012). Na rozdil od CFSs replikujicich se v pozdni S-fazi, ERFSs jsou detekovany v ¢asné
replikujicich oblastech genomu, které obsahuji seskupeni geni s intenzivni transkripci
(Barlow et al., 2013). V ERFSs dochazi béhem replikace ke spontannim zlomim DNA, ale
jejich fragilita je vyznamné zvysSena pusobenim replika¢niho stresu vyvolaného pomoci HU,
aktivaci onkogenu nebo inhibici ATR (ataxia telangiectasia and Rad3 related) na pocatku S-
faze. ERFSs jsou charakterizovany nestabilitou casnych replikaénich vidlic, Kjejichz
zastaveni dochazi v intenzivné transkribovanych oblastech gent a jejich promotorech (Barlow
et al., 2013). Dulezité je, ze chromozomalni poskozeni na vybraném ERFS v blizkosti genu
SWAP70 je siln¢ zavislé na mife transkripce, coz naznacuje ptritomnost kolize mezi replikaci a
transkripci (Barlow et al., 2013). Krom¢ zastaveni replika¢nich vidlic dochazi na ERFSs
navic kakumulaci BRCA1, coz indikuje zapojeni faktort homologni rekombinace do
stabilizace a obnoveni replikac¢nich vidlic (Barlow et al., 2013; Schlacher et al., 2012).

Navzdory hromadicim se dikazim, ze v dé€licich se buikach jsou konflikty mezi
replikaci a transkripci velmi ¢astou udalosti a ze maji skodlivy vliv na integritu genomu, je

zndmo jen malo o molekul&rnich mechanismech podilejicich se na jejich feseni.



1.2. RECQS5 zabraiiuje béhem replikace poskozeni DNA indukované transkripci
Podjednotky RNAPII jsou nejvyznamné&jsimi proteiny, které ko-imunoprecipituji
spole¢né s RECQ5 z extraktu lidskych bun¢k (Aygun et al., 2008; Izumikawa et al., 2008).
RECQS5 interaguje s nejveétsi katalytickou podjednotkou RNAPII oznacovanou RPB1 (Aygun
et al., 2008), ptfiemz tato interakce je nejvyraznéj$i v prabéhu S-faze (Li et al., 2011).
V polypeptidu RECQ5 byly identifikovany dvé oblasti, které jsou odpovédné za interakci
s RPB1: (i) ,,internal RNAPII-interacting” (IRI) doména v¢etné KIX motivu, ktery se vaze
na,jaw*“ doménu RPB1; a (ii) ,Set2-Rpbl-interacting”“ (SRI) doména, kterd se vaze
na hyperfosforylovanou C-terminalni repetitivni doménu (CTD) RPB1 (Islam et al., 2010;
Kanagaraj et al., 2010; Kassube et al., 2013). Je zajimavé, ze terciarni struktura KIX domény
se podoba domeéné Il u TFIIS, kterd podporuje restart RNAPII z pozastaveného stavu
(Kassube et al., 2013; Wind and Reines, 2000). RECQ5 asociuje s chromatinem v mistech
RNAPII- transkribovanych gent (Izumikawa et al., 2008; Kanagaraj et al., 2010; Saponaro et
al., 2014). Zde RECQS5 kontroluje pohyb RNAPII béhem elongace, aby nedochazelo k jejimu
zastaveni, coZ je stav oznaCovany jako transkripéni stres (Saponaro et al., 2014). Navic,
RECQ5 v prabéhu S faze lokalizuje do replikac¢nich fokusu a interaguje s PCNA, ktery je
jednou z hlavnich soucasti replizomu (Kanagaraj et al., 2006). Mirné navyseni koncentrace
RECQ5 v buiice pomoci ektopické exprese pomaha potlacit nasledky replikacniho stresu
vyvolaného piitomnosti thymidinu (Blundred et al., 2010). Je ukadzéano, ze replikacni stres
vyvolava akumulaci RPA, ktery stabilizuje wvzniklé jednofetézcové tuseky DNA na
zastavenych replika¢nich vidlicich, coz muze vést az k vy€erpani volného RPA a naslednému
kolapsu replikacnich vidlic (Toledo et al., 2013). Mirné zvyseni koncentrace RECQ5 v buiice
pravé potlacuje narist poétu RPA fokust v podminkéch replika¢niho stresu (Blundred et al.,
2010). V bunkach postradajicich RECQ5 dochazi k nartstu poétu jadernych RAD51 fokust a
vyméné sesterskych chromatid (Hu et al., 2007). Odstranéni RECQS5 zbunék vede
K transkripéné zavislému poskozeni DNA v prubéhu S-faze a akumulaci chromozomovych
ptestaveb se zlomy v DNA, ke kterym doch&zi v genech a CFSs (Li et al., 2011; Saponaro et
al., 2014). Zajimavé je, ze zminéna mista incidence genomové nestability v buikach po
depleci RECQ5 jsou pravé mista se zvySenym transkripénim stresem (Saponaro et al., 2014).
Konecné, inaktivace Recql5 genu v mysich vede Kk rozvoji riznych typti nadorového bujeni,
coz ukazuje na tumor supresorovou Ulohu RECQ5 (Hu et al., 2007). V zavéru, poznatky o
RECQ5 ukazuji, ze zabranuje nestabilit€é genomu v mistech, kde dochazi soucasné k replikaci
a transkripci. Neni v8ak jasné, zda RECQS5 putisobi piimo v mistech kolize mezi replikaci a

transkripci.



2. Cile prace

Hlavnim cilem této studie bylo objasnéni role RECQ5 helikazy pii udrZzovani stability

genomu.
Specifické cile této studie byly nasledujici:

- Charakterizovat asociaci RECQ5 s RNA polymerazami | a Il
- Zkoumat Ulohu RECQ5 v mistech kolize mezi replikaci a transkripci
- Studovat molekularni mechanismus vedouci k feSeni kolize mezi replikaci a

transkripci

3. Material a metody

Standardni molekularné biologické metody (izolace nukleovych kyselin, klonovani DNA,
reverzni transkripce, PCR, SDS-PAGE, imunoblot, imunoprecipitace, imunofluorescence)

Tkanové kultury, RNA interference, transfekce DNA
Priitokova cytometrie

Frakcionace bun¢k

Chromatinova imunoprecipitace (ChlP)
Kvantitativni real-time PCR (qPCR)

Comet assay

Purifikace proteint, produkce protilatek

FRAP (z angl. fluorescence recovery after photobleaching)



4. Vysledky a diskuze

RECQS5 DNA helikdza je nezbytna pro udrzeni stability genomu, ale jeji pfesna
molekularni funkce zustavad nejasna. Nedavné studie ukazaly, ze RECQS5 se vaze na RNAPII
béhem elongacéni faze transkripce a udrzuje genomovou stabilitu v RNAPII-transkribovanych
genech tim, Ze pusobi jako faktor, ktery potlacuje transkrip¢ni stres (Kanagaraj et al., 2010; Li
et al., 2011; Saponaro et al., 2014). V nasi studii ukazujeme, Ze RECQS5 tvoii komplex také
s RNAPI, a vaze se na jeji nejvétsi katalytickou podjednotku zvanou RPA194. RECQ5 se
vyrazné akumuluje na chromatinu v oblastech ptepisu pre-ribozomalni RNA (pre-rRNA),
pficemz obohaceni na chromatinu ma podobny distribuéni charakter, jaky je pozorovan
u RPA194. Zajimavé je, ze po depleci RECQ5 z bunék jsme pozorovali vyznamné obohaceni
RNAPI na chromatinu v oblastech piepisu pre-rRNA, ale ne na promotoru. Tyto data
naznacuji, ze RECQS5 asociuje s RNAPI béhem transkripce a mize zde potlacovat
transkripéni stres. Nase data popisujici vztah mezi RNAPI a RECQ5 jsou v souladu
s navrhem, Ze RECQS5 plisobi jako obecny transkripéni elongaéni faktor, ktery je dilezity pro
zachovani stability genomu v pribéhu transkripce (Kanagaraj et al., 2010; Li et al., 2011,
Saponaro et al., 2014).

Také ukazujeme, Ze deplece RECQ5 zpiisobuje variabilitu poétu kopii segmenti DNA
predevsim v ramci pre-rRNA kodujici oblasti, ktera je soucasti ribozomalni repetitivni DNA
(rDNA). K nejvyrazngjsim zménam v burikach po depleci RECQS5 dochézi béhem pisobeni
replikaéniho stresu vyvolaného piitomnosti HU, kdy pozorujeme vyrazné amplifikace
sekvenci DNA, av8ak pouze v transkribované ¢asti rDNA. Odstranéni RECQ5 z bunék
zpusobuje také perzistenci nevyfeSenych meziproduktu replikace, které vznikly zastavenim
replizomu v RNAPI- a RNAPII-transkribovanych genech. Tato zjisténi naznacuji, ze
stabilizace genomu v mistech transkripce pisobenim RECQS5 miize odrazet ulohu RECQ5 v
feseni kolize mezi replikaci a transkripci. Tuto hypotézu jsme podpofili zjisténim, Ze inhibice
transkripce pomoci aktinomycinu D (ActD) vyrazné snizuje mobilitu GFP-RECQ5 v
replikacnich fokusech, pti¢emz mimo replika¢ni fokus zistava mobilita GFP-RECQ5 beze
zmény. Tento vysledek ukazuje, ze RECQS5 asociuje s aktivnimi transkripénimi komplexy
pravé v mistech replikace DNA, coZ naznacuje, ze pusobi v mistech kolize transkripce a
replikace.

Mechanismy, které se v buitkch vyvinuly k feSeni konfliktt mezi replikaci a transkripci
jsou stéle nejasne. Studie v bakteriich a kvasinkach ukazaly, Zze spojeni specifickych helikéaz
sreplizomem vede k odstranéni transkripénich komplexti a jinych piekazek brénicich
Vv postupu replikaéni vidlice (Azvolinsky et al., 2009; Boubakri et al., 2010; Sabouri et al.,

2012). Nicmén¢, béhem transkripce velmi dlouhych gent v sav¢ich bunkach, jejichz doba
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Obrazek 1. Model, ktery naznacuje feSeni kolize mezi replikaci a transkripci. (A) Schéma
modelu. (B) Nasledky deplece BRCA1 a RECQS5 nebo RADI18 na feSeni kolize mezi replikaci
a transkripci. Detaily mechanismu jsou uvedeny v textu (Urban et al., 2016).

transkripce piesahuje i délku bunééného cyklu, je kolize mezi transkripci a replikaci
nevyhnutelna (Helmrich et al., 2013). Bunky tedy musi mit mechanismy, které zajistuji
spravnou expresi gent i za podminek kolize mezi replikaci a transkripci. V nasi studii jsme
ukazali, ze se RECQ5, BRCA1 a RADIS8 rekrutuji nezavisle na sobé do mist kolizi mezi
replikaci a transkripci. Na zakladé poctu BRCALl a RADI18 fokust detekovanych
v buné&¢nych jadrech béhem S-faze mizeme spekulovat, Ze kolize mezi replikaci a transkripci
je v délicich se buiikdch pomérné Castd udalost. Zavérem na$i prace je, ze koordinované
pusobeni RECQ5 a BRCA1 v mistech kolizi replikace a transkripce vede k feseni konfliktu.
BRCAL stabilizuje v mistech kolizi zastavené replikaéni vidlice tvorbou RAD51 filament, coz
je zavislé na aktivni transkripci. RECQ5 indukuje v mistech kolize ubikvitinaci PCNA
uskute¢nénou pomoci RAD18 a také podporuje ¢astecné odstranéni PCNA ze zastavenych
replikac¢nich vidlic, coz mize umoznit prichod transkripéniho komplexu pies replika¢ni
vidlici a dokonceni syntézy RNA (Obrazek 1A). Disfunkce nékteré z téchto aktivit zptisobi
pretrvavani zastavenych replikacnich vidlic, coz vede ke genomové nestabilité. Pii absenci
BRCA1 muze RECQ5 indukovat ubikvitinaci PCNA a jeho ¢aste¢né odstranéni, ale
k obnoveni a restartu replika¢ni vidlice nedojde kvili nepfitomnosti RAD51. Po odstranéni
RECQ5 nebo RAD18 sice BRCAL umozni tvorbu RAD51 filament stabilizujicich zastavené
replikacni vidlice, ale RNA polymeraza nedokaze ptekonat replikacni vidlici, ¢imz je opét

zabranéno restartu replikace (Obrazek 1B).



Deplece RECQ5 vede k akumulaci RAD18 a RAD51 fokusi v jadrech S-faznich bunék.
Nedavné studie ukazaly, ze ptitomnost RAD51 na zastavenych replikac¢nich vidlicich vede
Kk tvorbé nebo stabilizaci regresniho ramene replikacni vidlice, coz je struktura DNA, ktera
vzniké spojenim dcefinych vlaken pfi pfestavbé replikacni vidlice na tzv. Holliday junction
(Zellweger et al., 2015). Detekované RAD51 fokusy v RECQ5-depletovanych burikach
pravdépodobné ptedstavuji tyto replikaéni intermediaty, jelikoz vykazuji dlouhodobou
stabilitu v pfitomnosti inhibitoru B02, ktery zabranuje tvorbé novych RAD51 fokusi. V této
praci dale ukazujeme, ze helikazova aktivita RECQ5 je potiebna pro vyfeSeni téchto
replikacnich intermediati. Dale, zminénou ubikvitinaci PCNA pomoci RADI18 indukuje
RECQ5 v mistech kolize mezi replikaci a transkripci a to pfimou interakci s PCNA
prostiednictvim svého PIP motivu. Deplece RECQ5 helikazy nebo mutace v jejim PIP motivu
se projevi akumulaci RAD18 na chromatinu a vy$§im poétem RADI18 fokust v jadrech S-
faznich bunék, coz naznacuje, Ze se jedna o dusledek poruchy v ubikvitinaci PCNA. Kromé
toho je helikdzova aktivita RECQ5 také potiebna k ¢astenému odstranéni PCNA z
chromatinu. Ob¢ tyto aktivity (ubikvitinace a odstranéni PCNA) jsou zesileny nadmérnou
expresi RECQ5 v buikach, coz vede k inhibici replikace a zastaveni bunék na rozhrani G1/S
fazi bunécného cyklu. Na rozdil od publikovaného zjisténi, ze RECQS5 inhibuje pomoci své
IRl domény transkripci RNAPII in vitro (Aygun et al., 2009), jsme Zadny negativni vliv
nadmérné exprese RECQ5 na miru transkripce in vivo nepozorovali. Tento vysledek
naznacuje, ze RECQS5 svym vlivem na replizdm napomaha transkripci. Studie v kvasinkéach
ukazaly, ze kmeny defektni v odstraniovani PCNA z replikaéni vidlice (charakterizované napt.
Aelgl nebo mutaci PCNA v Lys164) maji poskozenou replikaci a akumuluji Rad52 fokusy,
coz svéd¢i o genomové nestabilité (Yu et al., 2014). Tato studie také ukazala jednu
zajimavost, ze PCNA je pusobenim HU odstrafiovano pouze z opozd'ujiciho se fetézce
replikaéni vidlice (Yu et al., 2014). Coz umoziuje spekulovat, ze odstranéni PCNA pomoci
RECQ5 by mohlo umoznit transkripénimu komplexu, ktery se ¢elné srazil s replizomem,
projit pfes replikacni vidlici a dokoncit syntézu RNA.

BRCAIL umoznuje tvorbu RADS1 filament na zastavenych replikacnich vidlicich, ¢imz
je chrani pted degradaci jadernymi nukledzami (Schlacher et al., 2012). Podobné jako u
RECQ5, mobilita BRCAL1 v S-faznich fokusech je vyrazn¢ snizena inhibici transkripce
pomoci ActD. V pfitomnosti ActD dochazi k poklesu po¢tu RADS51 fokusu v jadrech S-
faznich bunék, coz je v souladu s imobilizaci BRCA1 a dale to potvrzuje, ze aktivita BRCAL
je zavisla na aktivni transkripci. Piedchozi studie uz ukazaly, ze se BRCAl vaze na
hyperfosforylovanou RNAPII, ktera je pfitomna v elonga¢nim fazi transkripce (Krum et al.,
2003). Je tedy mozné, ze BRCA1 pusobi v mistech kolize mezi replikaci a transkripci ve

spojeni s transkripénim komplexem.
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Soucasné studie ukazuji, Ze aktivni transkripce ma pii feSeni kolize mezi replikaci a
transkripci vyznamnou ulohu. Ukazalo se, ze projitim RNA polymerdzy pites DNA
polymerdzu bakteriofaga ®29 v Bacillus subtilis dojde k rozieSeni &elnich kolizi (Elias-
Arnanz and Salas, 1999). Podobné, studie v kvasinkach ukazaly, ze mutace v RNAPII, ktera
zpusobi defekt v elongaci transkripce, zpusobuje zpomaleni postupu replika¢nich vidlic a
nestabilitu genomu (Felipe-Abrio et al., 2015). V nasi studii ukazujeme, Ze zastaveny
transkripéni komplex RNAPI brani v pohybu replizomu na rDNA v lidskych bunkach.
Pomoci chromatinové imunoprecipitace jsme ukézali na zajimavost, Ze vlivem piitomnosti
transkripéniho inhibitoru ActD dochazi k vyraznému obohaceni RNAPI v mistech pocatku
ptepisu pre-rRNA, coz vyvola vyznamnou akumulaci DNA polymerazy & v misté vzdaleném
ptiblizné 8 kb od pocatku transkripce pre-RNA. Tento vysledek naznacuje moznost vzniku
topologické bariéry béhem kolize mezi transkripci a replikaci. Tento jev byl nedavno v
kvasinkdch spojen s rozvojem genomové nestability v dusledku intenzivni transkripce
nékterych gent (Bermejo et al., 2011). Nase vysledky také ukazuji, ze k obnoveni a restartu
replikacnich vidlic dojde po uvolnéni zastavenych transkripénich komplexd odmytim ActD.
RNA polymeraza se tedy muze aktivné podilet na feSeni kolize mezi replikaci a transkripci.

Zaveérem lze fici, ze mechanismy probihajici na zastavenych replikacnich vidlicich a
mechanismy vedouci K jejich restartu mohou byt velmi slozit¢é a zahrnovat komplexni
prestavbu replizomu i samotné struktury DNA v replika¢ni vidlici. Studium RecQ helikaz
muze odhalit jednotlivé kroky tohoto procesu, které zabrafiuji rozvoji genomové nestability.
V na$i studii jsme ukazali, ze RECQS5 udrZuje integritu genomu prostiednictvim svého
zapojeni do feseni kolizi mezi replikaci a transkripci. Interference mezi replikaci a transkripci
predstavuje vyznamny zdroj genomoOVé nestability a pfispiva k tvorbé nadort v burikach
s aktivovanym onkogenem (Poveda et al., 2010). VVzhledem k tomu, Ze u mysi bez funk¢ni
RECQ5 helikdzy dochazi k rozvoji riznych typu rakovin (Hu et al., 2007), nase studie
poskytuje dals$i dukaz o Uloze interference mezi replikaci a transkripci v rozvoji rakoviny.
Pochopeni mechanismt, které udrzuji stabilitu replikacni vidlice, mliZze mit zdsadni vyznam
pro diagnézu a terapii lidskych onemocnéni zpusobenych poruchami v reakci na replikacni

stres.
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5. Zavéry

V této praci ukazujeme, ze RECQS5 zabranuje vzniku genomové nestability v mistech
kolize mezi replikaci a transkripci. Navrhli jsme mechanismus pro feSeni téchto kolizi, ktery
predpoklada koordinovanou ¢innost RECQ5, BRCA1/RAD51 a RAD18 v mistech kolize.
Hlavni vysledky této studie je mozno shrnout takto:

- RECQS5 interaguje s RNAPI a Il.

- RECQS5 je obohacena na chromatinu v oblastech kodujicich useki RNAPI- a 11-
transkribovanych gend.

- RECQS5 zabranuje transkripénimu stresu v mistech transkripce RNAPI a zajist'uje
stabilitu DNA Useku kodujicich pre-rRNA.

- Deplece RECQ5 vede k akumulaci replikacnich intermediat, které vznikly
zastavenim replika¢nich vidlic v oblastech transkribovanych RNAPI a RNAPII.

- RECQS5 asociuje s transkripénimi komplexy v replika¢nich fokusech.

- BRCA1, RADI18, Rad51 jsou rekrutovany do mist kolize mezi replikaci a
transkripci.

- Tvorba RAD51 filament v mistech kolize pomoci BRCAL je zavisla na aktivni
transkripci.

- RECQS5 indukuje ubikvitinaci PCNA pomoci RAD18 v mistech kolize mezi
replikaci a transkripci pfimou interakci s PCNA prosttednictvim svého PIP
motivu.

- Pro rozieseni replika¢nich intermediati stabilizovanych pomoci RAD51 v mistech
kolize mezi replikaci a transkripci je potfebna helikazova aktivita RECQS5.

- Transkripéni komplex vytvaii bariéru pro postup replikacni vidlice a aktivni

transkripce podporuje feSeni kolizi mezi replikaci a transkripci.
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